Reactive oxygen species have been implicated in the pathogenesis of numerous diseases.^[@ref1]−[@ref3]^ The oxidation of cellular lipids results in the generation of α,β-unsaturated alkenals, including 4-hydroxy-2-nonenal (4-HNE) and 4-oxo-2-nonenal (4-ONE).^[@ref4]^ These electrophilic molecules adduct both DNA and protein, resulting in altered structure and function.^[@ref2],[@ref5]−[@ref7]^ Although similar in structure, 4-HNE and 4-ONE differ in reactivity in that 4-ONE can form stable ketoamide adducts via 1,2 addition to Lys (Scheme [1](#sch1){ref-type="scheme"} and [Supporting Information, Figure S1](#notes-1){ref-type="notes"}).^[@ref8],[@ref9]^ ONE-derived 4-ketoamide adducts have been observed in atherosclerotic lesions, suggesting a role in inflammation-related disease pathogenesis.^[@ref10]^
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Histones are lysine-rich, cysteine-deficient proteins that regulate chromatin structure and gene expression.^[@ref11]−[@ref13]^ They are interesting targets for 4-ketoamide adduction and may offer a novel link between oxidative stress and gene expression.^[@ref12]^ To test this hypothesis, RKO cells were treated with either alkynyl-4-HNE or alkynyl-4-ONE. Chromatin was isolated and click chemistry performed to attach biotin moieties to the alkyne groups. Adducted proteins were visualized on gels with fluorescently labeled streptavidin. Alkynyl-4-ONE demonstrated high selectivity for histone modification; all four histones were preferentially adducted in a concentration- (Figure [1](#fig1){ref-type="fig"}A) and time-dependent manner (Figure [1](#fig1){ref-type="fig"}B). H2B appeared to be the most heavily adducted species. In contrast, alkynyl-4-HNE reacted with higher molecular weight chromatin-associated proteins, likely because of the higher cysteine and histidine content of these non-histone proteins.

![(A) Alkynyl-4-ONE preferentially modifies histone proteins in chromatin isolated from RKO cells. (B) Time-course of histone adduction with alkynyl-4-ONE.](ja-2014-03604t_0001){#fig1}

Histones have been identified as targets for modification by reactive species *in vitro*; however, sites of modification have yet to determined in intact cells.^[@ref14]−[@ref16]^ Analysis of post-translational modification of histones by mass spectrometry is a significant challenge because the abundance of Lys and Arg residues makes sequence coverage very difficult.^[@ref17]^ To identify the sites of modification by 4-ONE, we adapted a series of chemical derivatizations and enzymatic digests of histones isolated from chromatin in RKO cells to achieve 100% sequence coverage on all four proteins ([Figure S4, Table S1](#notes-1){ref-type="notes"}). These methods were used to establish a standard protocol to efficiently analyze histones in complex samples. [Table S1](#notes-1){ref-type="notes"} offers a map for sequence coverage resulting from each method, demonstrating the large diversity in peptide yield and post-translational modifications. Utilizing these methods, seven site-specific histone adducts were identified in RKO cells treated with 4-ONE: four 4-ketoamide adducts to Lys and three Michael adducts to His (Tables [1](#tbl1){ref-type="other"} and [S2](#notes-1){ref-type="notes"}; [Figures S5--S11](#notes-1){ref-type="notes"}).

###### 4-ONE Adducts Identified on Chromatin Isolated from RKO Cells[a](#tbl1-fn1){ref-type="table-fn"}

  protein          peptide            residue adducted         species
  ---------------- ------------------ ------------------------ ------------------------
  H3               K~pr~QLATK\*AAR    K23                      ketoamide (**9**)
  K\*SAPATGGVK     K27                ketoamide (**9**)        
                                                               
  H2B              LAH\*YNKR          H82                      Michael adduct (**3**)
  H\*AVSEGTK       H109               Michael adduct (**3**)   
  HAVSEGTK\*AVTK   K116               ketoamide (**9**)        
                                                               
  H2A              KTESH\*HK          H123                     Michael adduct (**3**)
                                                               
  H4               K\*TVTAMDVVYALKR   K79                      ketoamide (**9**)

Sites of modification are indicated with an asterisk. Numbers correspond to adducts shown in [Figure S1](#notes-1){ref-type="notes"}.

The modified amino acids were mapped to the crystal structure of the nucleosome core particle. As shown in Figure [2](#fig2){ref-type="fig"}A, the adducted residues are located on solvent-exposed side chains (denoted in yellow). H4K79 (Figure [2](#fig2){ref-type="fig"}B) is located at the DNA--protein interface, and the positive charge presented by this lateral surface is critical to maintaining heterochromatin.^[@ref12],[@ref18]^ Modifications identified on H2B (Figure [2](#fig2){ref-type="fig"}C) reside on the lateral surface of the nucleosome, suggesting a minimal role in regulating protein--DNA electrostatics. H2AH123 (Figure [2](#fig2){ref-type="fig"}E) resides on the C-terminal tail of H2A and interacts with the phosphodiester backbone of the DNA. Perhaps the most intriguing adducts are the ketoamides at H3K23 and H3K27 (Figure [2](#fig2){ref-type="fig"}D). Previous studies have demonstrated that acetylation or methylation of these residues plays a role in numerous pathologies, including cancer.^[@ref19]−[@ref21]^

![4-ONE adducts are located on surface-exposed amino acids. (A) Crystal structure of the nucleosome. Adducts are located at (B) H4K79, (C) H2BH82, H109, and K116, (D) H3K23 and K27, and (E) H2AH123. Structure obtained from PDB 1AOI.](ja-2014-03604t_0002){#fig2}

These structural insights led us to investigate the impact of histone adduction on DNA binding. Utilizing recombinant histones and a 203 bp oligomer, nucleosomes were reconstituted *in vitro* ([Figure S12](#notes-1){ref-type="notes"}), resulting in a shift from ∼200 to ∼900 bp (Figure [3](#fig3){ref-type="fig"}, lanes 1 and 2, respectively). Treatment of assembled nucleosomes with increasing concentrations of alkynyl-4-ONE resulted in only minor alterations in nucleosome structure (lanes 3--5). Likewise, pretreatment of H2A/H2B dimers with alkynyl-4-ONE did not disrupt nucleosome assembly (lanes 6--8), presumably due to the sites of modification residing on the lateral surface of the nucleosome. Pretreatment of H3/H4 tetramers, however, resulted in inhibition of nucleosome assembly (lanes 9--11), similar to lysine acetylation ([Figure S13](#notes-1){ref-type="notes"}). These data support our cellular and *in silico* data, which suggest that although H2B is the most heavily adducted histone, the effects on nucleosome structure are minimal, whereas adduction of free H3 or H4 appears to alter histone dynamics and compromise canonical nucleosome formation.

![Adduction of H3/H4 results in disrupted nucleosome formation.](ja-2014-03604t_0003){#fig3}

To evaluate the presence of histone modifications in a more physiologically relevant model, fatty acid-deficient RAW264.7 macrophages were enriched with arachidonic acid.^[@ref22]^ Following stimulation with a chemically defined lipopolysaccharide, KLA, chromatin was harvested and subjected to MS. This resulted in the positive identification of a 4-ketoamide adduct at H3K27, which was absent in untreated cells (Figure [4](#fig4){ref-type="fig"}). These data reveal the presence of a novel histone modification linked to oxidative stress generated in a well-characterized cellular model for inflammation.

![KLA stimulation results in stable 4-ketoamide adduction of H3K27 in RAW264.7 macrophages. (A) MS of the product ion (Δ8.57 ppm). (B) MS/MS reveals H3K27 as a site for modification by 4-ONE. Fragment ions confirming the adducted peptide are indicated in red.](ja-2014-03604t_0004){#fig4}

We have identified four novel sites of lysine modification in chromatin isolated from intact cells treated with the lipid peroxidation end product, 4-ONE. The 4-ketoamide adduct at H3K27 was also identified in macrophages stimulated with the lipopolysaccharide mimetic, KLA. Adduction of H3 and H4 may disrupt chromatin dynamics and alter histone turnover. Additionally, the presence of these adducts on well-characterized acetylation and methylation sites, such as H3K23 and H3K27, may impact epigenetic patterning. This offers a potential feed-forward mechanism whereby low-level oxidative acylation of histones leads to alterations in gene expression.

Procedures for all experiments; Figures S1--S13, showing products of lysine adduction by 4-ONE and their masses, expansion of Figure [1](#fig1){ref-type="fig"} with loading controls, and mass spectra of identified adducts; expansion of Table [1](#tbl1){ref-type="other"} with *m*/*z* and Δppm (Tables S1 and S2, Excel spreadsheet). This material is available free of charge via the Internet at <http://pubs.acs.org>.
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